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 Abstract:  
 Historically, stress habituation research has largely focused on the reduction of the 
hypothalamic-pituitary-adrenal axis response to repeated stress exposures. The habituation of the 
HPA axis to prolonged stress is caused, in part, by negative feedback mechanisms, the activation of 
extensive stress-related neural circuitries, but also more complex enzymatic cascades underlying 
associative memory mechanisms. The results of previous investigations have implicated the MAP 
Kinase and CaM Kinase pathways as potential signal transduction pathways activated in stress 
adaptation. In addition, the amygdala and the hippocampus are well-known brain areas for learning 
and memory, however a recent study has shown that the posterior hypothalamus may also be a 
critical site for simple forms of learning like habituation. Building on this research, this project seeks 
to determine if microtubule associated protein kinases 1/2 (ERK) and calcium-dependent calmodulin 
kinase II alpha (CaMKIIα) are in cells characterized as active by stress-induced c-Fos protein 
expression in the posterior hypothalamic (PH) nucleus. In the following series of studies, we 
demonstrate with immunohistochemistry that ERK and CaMKIIα , but not Elk-1  can be localized in 
stress-responsive neurons of the posterior hypothalamus. Immunohistochemistry was used to 
measure the functional activation of ERK by assessing its level of phosphorylation (pERK) and the 
presence of CaMKII, in the posterior hypothalamus of acutely stressed rats. The phosphorylation of 
ERK is time-dependent; whereas basal expression was observed in control animals, a significant 
increase was observed in rats exposed to 15-30 minutes of stress. It has been shown that Fos protein 
is expressed in active pathways in the brain and we found that pERK but not CaMKII is significantly 
co-expressed in the same cells with Fos. These findings suggest that ERK is present in neurons that 
are likely signaling during stressful exposures, and could be involved in long-term plastic changes 
underlying, for example, habituation to repeated stress.
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1.        Introduction 
1.1       The Phenomenon of Stress Habituation 
 Habituation is a widespread phenomenon observed in most species and is defined as a 
reduction in response amplitude to a stimulus upon repeated exposures to the same stimulus. 
While habituation is considered the simplest form of learning and is exhibited ubiquitously in 
vertebrates and invertebrates, the underlying cellular mechanisms mediating this process is yet to 
be fully understood (Esdin, Pearce & Glanzman, 2010). Habituation is established from most 
classes of stimuli, including stressors like noise exposure or restraint. These stressors also elicit 
habituation whereby reduced stress-elicited responses are observed following repeated stressor 
exposures (Grissom & Bhatnagar, 2008).   
There exist several measures of stress elicited responses in rats which can be observed 
following habituation to stress. Among these measures are the release of the hypothalamo-
pituitary-adrenocortical axis (HPA) hormones adrenocorticotropin hormone (ACTH) and cortisol 
(or corticosterone in rodents), the adrenomedullary hormones epinephrine and norepinephrine, 
various autonomic responses such as tachycardia, blood pressure, hyperthermic core body 
responses, and several behavioral responses.  
The neuronal circuitry associated with psychological stress responses involves the limbic 
system. Psychological stressors first activate the limbic system which then projects to several 
subcortical areas such as the Preoptic Area (POA), the dorsomedial hypothalamus (DMH) and 
the bed nucleus of the stria terminalis (BNST) through which sensory information is relayed to 
the medial parvocellular paraventricular nucleus of the hypothalamus (mpPVN) to initiate HPA 
axis response to stress.  The limbic system is a system of interconnected nuclei such as the 
amygdala, hypothalamus and hippocampus which are critical for motivated behaviors, emotions 
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and long-term memory. Of these limbic-associated structures, the hypothalamus is an important 
effector node for responses regulated by the limbic system (see Figure 1). Responses to 
psychological stressors can be innate like a rat’s fear of predators (cats, ferrets, etc.), or 
alternatively they can be conditioned, examples of which include the classical conditioning of 
weak visual stimuli and acoustic stimuli paired with electrical shocks. One brain region 
responsible for the formation of contextual memory in response to both innate and conditioned 
stressors is the amygdala. When activated by an environmental stressor, the amygdala will send 
signals to several subcortical relay nuclei.  
 
Fig.1 The ventral subiculum and medial prefrontal cortex excite the BNST/DMH/POA 
through glutamatergic projections upon GABAergic neurons of the BNST, which in turn inhibit 
the mpPVN through activation of GABAergic neurons. The basolateral amygdala excites the 
medial and central amygdala which excite the mpPVN through disinhibition of the BST, DMH 
and POA (Jankord & Herman, 2008). 
1.2        The posterior hypothalamus as a region important in stress habituation 
 It has been shown that inactivation of the posterior hypothalamic nucleus/dorsomedial 
hypothalamus region with the GABAA receptor agonist muscimol reduces many acute stress-
elicited responses when injected immediately prior to stress (Nyhuis, Day & Campeau, 2012). 
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Muscimol also disrupts stress habituation when injected prior to repeated stressor exposures. In 
addition, vehicle injected animals repeatedly exposed to loud noise showed corticosterone 
habituation which was attenuated following repeated injections of muscimol prior to each stress 
exposure (Nyhuis, Day &Campeau, 2012).  
The rostral Raphe Pallidus (rRPa) and the paraventricular hypothalamic nucleus (PVN) 
have previously been shown to be activated during acute stress. The posterior hypothalamic 
region of acutely stressed rats previously injected with retrograde tracers in the rRPa and/or the 
PVN displayed the highest levels of co-localization with the immediate early gene protein 
product Fos. This indicates that the posterior hypothalamic nucleus projects to these two areas, 
further supporting its involvement in acute responses to stress. The posterior hypothalamus also 
receives sensory information from the auditory thalamus creating a connection between auditory 
processing and a region perhaps critical in mediating stress responses (Campeau & Watson, 
2000).  Combined with additional anatomical evidence indicating that the posterior hypothalamic 
nucleus is innervated by several sensory regions, and in turn projects to many brain regions that 
regulate neuroendocrine and autonomic responses elicited by stress, this region is ideally situated 
to modify its input-output relationship through synaptic modifications and provide the basis for 
habituation to stress (Nyhuis, Day & Campeau, 2011).  
1.3           Stress Habituation and Synaptic Plasticity – LTP & LTD as possible mechanisms 
 Adaptation to stress at the cellular level involves the process of synaptic plasticity, 
which is the strengthening or weakening of a synapse between two neurons due to use or disuse. 
The flexibility of synapses to undergo morphological and functional changes is central to 
understanding learning and memory. Synaptic strengthening occurs via an extension of dendritic 
spines, the insertion of excitatory receptors and/or activation of silent synapses of the post-
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synaptic cell, magnifying signaling between connected neurons. The weakening of the synapse 
happens through the internalization of receptors from the membrane and the retraction of 
dendritic spines. 
 The leading candidate mechanisms of synaptic modifications associated with a variety 
of learning and memory processes include long-term potentiation (LTP) and long-term 
depression (LTD) (Malenka & Bear, 2004). Preliminary results indicate that posterior 
hypothalamic nucleus neurons projecting to the autonomic nucleus controlling tachycardia and 
hyperthermia (rRPa) mostly contain glutamate as their neurotransmitters (H. Day & S. Campeau, 
unpublished results).  However, several additional neurons of the posterior hypothalamus contain 
the neurotransmitter GABA.  Conceivably, LTP- or LTD-like mechanisms could mediate the 
development of response reductions upon glutamate or GABA-containing neurons at the level of 
the posterior hypothalamic nucleus.   
 Several intracellular signaling cascades and their associated enzymes have been reported 
to mediate synaptic plasticity via LTP or LTD-like mechanisms. One of the effects of LTP in 
several brain regions is the phosphorylation, increased insertion and increased average current 
mediated through α-amino-3-hydroxy-5-methyl4-isoxazole propionic acid (AMPA) subtype of 
excitatory amino acid receptors.  Once the post-synaptic membrane is depolarized through 
AMPA receptors in response to a stimulus, magnesium-gated NMDA receptors can be activated 
to further depolarize post-synaptic elements and allow influx of calcium, which serves as a 
second messenger associated with the strengthening or weakening of synapses. This effect is 
mediated through a signaling cascade involving the phosphorylation/activation of several 
enzymes, including calcium/calmodulin-dependent protein kinase II (CaMKII), protein kinase A 
(PKA) or protein kinase C (PKC), eventually leading to the phosphorylation of the transcription 
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factor cAMP-response element binding protein (CREB), which is necessary for the effects 
observed on post-synaptic AMPA receptors (Kennedy, Beale, Carlisle, & Washburn, 2005; 
Malenka & Bear, 2004). Interestingly, LTD has been associated with several dephosphorylating 
processes, including AMPA receptor subunits and CREB, in addition to the phosphorylation of 
the transcription factor Elk-1 (Thiels, Kanterewicz, Norman, Trzaskos, & Klann, 2002).  The 
removal of AMPA receptors from the membrane and the consequent reduction in the amplitude 
of post-synaptic depolarization leading to decreased signal transduction, provides a probable 
mechanism explaining the response reduction associated with adaptation to stress, however this 
explanation, as of now, is still a theory.  
 As mentioned above, there are several protein kinases and transcription factors that 
play a part in the phosphorylation and dephophorylation of AMPA receptors enhancing plastic 
changes. If these kinases play a role in habituation, they would be expected at the very least to be 
present in posterior hypothalamic neurons, and display some increases in functional activity 
following a stressor, and decrease in functional activity with repeated exposure to that stimulus. 
In an effort to further understand the plastic processes underlying the development of stress 
habituation, the localization of kinase enzymes previously associated with a variety of plastic 
processes at the level of the posterior hypothalamic nucleus was investigated. 
1.4       Role of CREB, CAMKII, pERK and Elk-1 in Synaptic Plasticity 
 Multiple signal transduction pathways have been implicated in mediating habituation, 
learning and memory formation including calcium/calmodulin dependent kinases, mitogen 
activated protein kinases (MAPK), protein kinase A, and protein kinase C, among others. These 
pathways converge on the transcription factor CREB which, when active, is conducive to plastic 
changes (Barco, Jancic & Kandel, 2008). There is an extraordinary level of interaction and 
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convergence between these transduction pathways, increasing the complexity of synaptic 
plasticity. Due to this overlap, events in one pathway can activate enzymes in another, leading to 
the simultaneous induction and propagation of these signaling cascades. Upon reflection, a fine 
integration of these pathways is and should be necessary for functional alterations of neurons. 
Due to this complexity, we aim to focus on the first two pathways, the CaMK and MAPK 
signaling pathways (Sweatt, 2004). 
1.4.1    CREB 
In order to understand how cAMP-dependent synaptic plasticity by the MAPK and 
CaMK pathways occurs, it is important to illustrate the role of CREB in this process. There are 
several signal transduction pathways that converge on the phosphorylation of CREB, the two of 
interest here are the CaMK and MAPK pathways (see Figure 2). While the interaction between 
CREB and CaMKII remains largely unresolved, evidence shows that increased levels of 
activated CREB (phosphorylated or phospho-CREB) and CaMKII are the causes of the 
generation of silent synapses in plasticity. Through the regulation of CaMKII, CREB can 
augment AMPA receptor density in the synapse (Marie, Morishita, Yu, Calakos, & Malenka, 
2005). Aplysia phosphoCREB (ApCREB) controls the transcription of several immediate-early 
response genes that play a role in habituation, such as the expression of ubiquitin hydrolase in 
Aplysia which regulates the regulatory domain of PKA, known to constrain long term 
facilitation. CREB also controls the production and translocation of mRNA critical for the 
generation of new synaptic connections branching from the synapse that initially received 
stimulation. Therefore, gene expression regulated by phospho-CREB contributes to the growth 
of new synapses and the stabilization of existing synaptic connections (Barco, Jancic & Kandel, 
2008).  
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Fig 2: External stimuli, such as stress, regulates the phosphorylation of CREB via converging 
protein-kinase pathways. 
 
1.4.2     CaM Kinase 
CaMK is part of  a GαQ -G protein coupled receptor signaling pathway where upon the 
binding of a ligand to a metabotropic receptor, a conformational change occurs in the associated 
Gq protein, causing a guanosine diphosphate to be exchanged for a guanosine triphosphate and 
causing the alpha subunit (GTP coupled) to dissociate from the βγ subunits. The GTP-Gq 
complex then binds to an inactive membrane bound phospholipase C, activating it and causing 
the cleavage of Phosphatidylinositol diphosphate (PIP2) into Inositol triphosphate (IP3) and 
diacylglycerol (DAG). IP3 is released into the cytosol where it triggers Ca
2+
 release from the 
endoplasmic reticulum, among others, and DAG remains in the membrane where it activates 
protein kinase C (PKC). After intracellular calcium levels rise, calmodulin binds four calcium 
ions and changes its conformation to form an active calcium /calmodulin complex. The two 
globular ends of the complex attach to the inhibitory domain of a target protein, in this case 
CaMKII (see Figure 2). Upon Calmodulin binding, the kinase engages in autophoshorylation 
which perpetuates its activity even after calcium levels drop. Once phosphorylated/activated, 
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CaM Kinase will catalyze the phosphorylation of substrate proteins by transferring phosphate 
groups from adenosine triphosphate (ATP) to the hydroxyl (OH) groups of serine and threonine 
residues of those substrate proteins. The addition of an electrically charged phosphate group 
induces a conformational change and subsequently the biological activity of the target proteins 
(Nestler, Hyman & Malenka, 2009). 
 
Fig 3:  Ca
2+ 
- Calmodulin dependent Protein Kinase Signaling Pathway (Soderling, 1999) 
The CaM Kinase pathway is suspected to underlie neuronal plasticity associated with 
learning and memory through the activation and deactivation of CREB by CaMKII and 
calcineurin (protein phosphotase 2B), respectively (Barco, Jancic & Kandel, 2008), as well as 
through interaction with AMPA receptors. Tetrameric AMPA receptors are comprised of four 
different subunits, out of which, the phosphorylation or dephosphorylation of GluR1 and GluR2 
have been linked to LTP and LTD. Upon LTP induction, CaMKII attached to membrane-bound 
NMDA receptors is known to recruit a protein, SAP97, member of a membrane-associated 
guanylate kinase (MAGUK) family protein. SAP97 has been shown to interact with the C-
terminal tails of the GluR1 subunit, facilitating the insertion of cytosolic AMPA receptors into 
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the postsynaptic density. The addition of AMPA receptors into the synapse, as mentioned before, 
contribute to the strengthening of synaptic communication and dendritic arborization. Due to this 
effect, CaM Kinase is an attractive candidate upon which LTP/LTD depends (Lee, 2006). Here, 
we aim to investigate whether CaMKII was expressed especially in posterior hypothalamic 
neurons that also display stress-induced increases in the immediate early gene c-fos, to provide 
evidence for its putative role in the plasticity underlying habituation to repeated stress exposures. 
To do this, immunohistochemical detection of CaMKII was performed following an acute 
exposure to loud noise stress.  
1.4.3        MAP Kinase 
 The mitogen activated protein kinase (MAPK) pathway has polymodal activation. 
Calcium can directly trigger the activation of Protein Kinase C which will activate Rat Sarcoma 
(RAS) protein or indirectly trigger Protein Kinase A activating Ras related protein 1 (Rap 1). Ras 
can also be activated through neurotropic factors binding to receptor tyrosine kinases. Once these 
2
nd
 and 3
rd
 messengers have been activated, Ras will phosphorylate Raf-1 and Rap 1, which will 
phosphorylate B-Raf, eventually leading to the phosphorylation and activation of MEK and in 
turn ERK (see Figure 3). Finally the kinase cascade leads to activation of Activation protein 1 
(AP-1) family of transcription factors. The best known AP-1 are Jun and FOS, which 
heterodimerize and move to the nucleus to effect transcriptional changes (Nestler, Hyman & 
Malenka, 2009). 
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Fig 4:  Mitogen Activated Protein Kinase Pathway (Thiels & Klann, 2001) 
 Learning and memory deficits from Ras/ERK hyper activation in a mouse model of 
neurofibromatosis demonstrate that healthy functioning of ERK is necessary for synaptic 
plasticity associated with learning (Sweatt, 2004). The activation of the ERK signaling pathway 
via Acetylcholine activated hippocampal muscarinic receptors show that without sufficient ERK 
phosphorylation, the induction of LTP does not happen. In conjunction with evidence that ERK 
blockers impede the progression of LTP, it may be concluded that ERK is critical in the 
induction of LTP (Giovannini, 2006). Since LTP is one of the candidate mechanisms underlying 
adaptation to stress, ERK expression in the PH could mediate long-term synaptic plasticity.  
A rise in post-synaptic levels, the translocation to the nucleus and phosphorylation of 
apCREB-2 by pERK, implicated this kinase in long term facilitation (LTF). These changes were 
observed in the gill-withdrawal reflex in Aplysia as well as in sensory cell cultures subjected to 
repeated 5-HT applications, previously shown to induce LTF (Michael, Martin, Seger, Ning, 
Baston & Kandel, 1998). Long term facilitation (usually used in reference to Aplysia) and Long 
term potentiation (used in reference to mammals) are phenomenologically the same in that they 
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both increase synaptic efficacy. Evidence that transcriptional regulators and a cell adhesion 
molecule (apCAM) both contain consensus phosphorylation sites for ERK, supports the role of 
ERK in synaptic plasticity in habituation. These experiments combined with the finding that LTF 
is blocked by a MEK antagonist, directly responsible for the activation of ERK, further elucidate 
the possible causal relationship between ERK and plasticity (Thiels & Klann, 2001). Observed 
increases in ERK2 mRNA levels after the establishment of NMDA receptor-dependent LTD and 
the subsequent CREB-dependent transcription seemingly provide a link between ERK cascades 
and CREB-dependent transcription. Similarly, elevated expression of B-Raf and Raf-1(found 
upstream in the ERK activation cascade) after LTP induction in dentate gyrus cells demonstrate 
consistently that ERK is mediating post-LTP gene expression. Therefore, based on these 
findings, our second aim is to detect the presence of the active form of ERK, phospho-ERK 
(pERK) in the posterior hypothalamus, especially in neurons also expressing stress-induced Fos 
protein elevations.  
1.4.4    p-ELK-1 upregulated in LTD 
 Elk-1 is a transcriptional activator that is responsible for the transcription of c-Fos. Elk-
1 seems to be a downstream target of ERK in the MAPK pathway (Tian & Karin, 1999). Elk-1 
has a transcriptional binding domain on the C terminal tail conserved with a consensus sequence 
for MAP Kinases (Cruzalegui, Cano & Treisman, 1999). Findings demonstrating the occurrence 
of synaptic plasticity via Elk-1/CREB interaction following traumatic brain injury, suggest that 
ERK may be responsible for transcriptional changes induced by CREB through Elk-1 (Hu, Liu, 
Bramlett, Sick, Alonso, Chen & Dietrich, 2004). From these findings, we hypothesize that stress 
habituation might be associated with Elk-1 activation, and propose to look for the expression of 
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the activated form of this protein, phospho-Elk-1 (pElk-1) in posterior hypothalamic neurons 
also expressing stress-evoked Fos induction.   
1.5        Fos as a marker of activated neurons 
 Responses to acute stress exposure at the cellular level can be measured by looking at 
levels of the transcription factor Fos. c-Fos is an immediate-early gene (IEG) rendering this 
transcription factor a marker for activated neurons. An IEG is a gene that responds to a wide 
variety of stimuli, before the synthesis of new proteins. It has a low level of expression under 
basal conditions and rapid induction in response to extracellular signals. c-fos mRNA is 
detectable a few minutes after transcriptional stimulation, peaks within 30-60 minutes and 
diminishes after 2-3 hours. C-Fos gene expression results from the quick phosphorylation of 
CREB (cAMP response element binding protein) via protein kinase A and CaM kinase. Due to 
the low basal level of c-Fos expression, but its sizable induction by a variety of stimuli, including 
various stressors, c-fos has been employed extensively as a tool for specifying neuronal 
pathways displaying increased activity in the behavioral and neuroendocrine responses induced 
by stress. Brain regions observed to express c-fos mRNA in response to stimuli exposure 
includes the lateral septum and anterior BNST among others (Kovacs, 1998). Since ERK and 
CaMKII have been closely associated with a variety of plastic processes, and because posterior 
hypothalamic neurons appear necessary in the mediation of habituation to stress, the current 
study was designed to determine if ERK and CaMKII are possible transduction systems present 
in cells of the PH that are known to be active through Fos with loud noise stress. 
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2.           Methods  
Behavioral Procedure: Male Sprague–Dawley rats (n=14) were housed four to a cage in 
a colony facility and provided food and water. The afternoon before the experiment, the animals 
were transferred to individual cages and taken to the testing room and placed in noise boxes so 
they can adjust to the novel environment. This was necessary so molecular, hormonal and 
cardiovascular changes in response to stress would solely be attributable to the stressor and 
neither to the novel environment nor to transportation. Each acoustic chamber was ventilated and 
double wooden with a red fluorescent light. The intensity level was set to 100 decibels (A scale) 
and the exposure time was 30 minutes for the experimental group on the morning of the 
experiment. After the control, 15, or 30 minute loud noise exposure, the animals remained in the 
chambers for an additional 15 minutes. The control group stayed in the chamber for the same 
duration of time. This duration of exposure and post-stress interval was chosen to maximize the 
detection of loud noise-induced ERK phosphorylation, which is relatively quick in response to 
stress exposure, and the detection of loud noise induced Fos, which requires a longer elapsed 
time for expression (Masini, Babb, Nyhuis, Day & Campeau, 2012). 
 Tissue processing and sectioning: For the first experiment, the animals (n=4) were 
anesthetized with sodium pentobarbital (Fatal Plus) and transcardially perfused. For the second 
(n=6) and third experiment (n=4): following the noise or control exposures, the animals were 
decapitated, their brains rapidly removed, blocked on ice and placed in vials to be soaked in 
fixative solutions. We used this alternate fixation procedure to prepare tissue instead of the 
traditional aortic perfusions because our previous experiments yielded very strong expression of 
phospho-ERK (pERK) even in the control rats, likely due to the lengthy perfusion manipulations. 
Therefore, to obtain more consistent results and lower basal values, a faster tissue isolation 
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method was used. The brains were immersed in sodium acetate-buffered paraformaldehyde (4% 
PFA/0.1M Sodium Acetate, pH=6.5) and chilled for ~6-8 hours at 4
o
 C, rotating on a platform. 
This pH provides an ideal permeation rate for the PFA into the brain tissue (Khan & Watts, 
2004).  After 8 hours, the brains were removed from this initial solution, blotted dry and 
transferred to a solution of Sodium Borate buffered PFA (8% PFA/.2M Na Borate, pH=9.5) and 
soaked for 4 days at 4
o
C, shaking. Next, the fixative was transferred to a Sodium phosphate 
buffered glycerol solution (0.1M Na phosphate/20% glycerol solution, pH=7.4) at 4
o 
C, shaking, 
for 2 days until brains were completely saturated and had no buoyancy. The brains were then 
flash frozen in -30
o
C isopentanes and wrapped in foil and stored in -80
o
C freezer until 
sectioning. Sectioning was performed using a cryostat (Leica 1450). The brain blocks were 
mounted using M1 and cut into 30-micrometer coronal sections with no roll plate at -28
o
C. The 
sections were collected into 6-well plates filled with cryoprotectant solution.  
 Immunohistochemistry: In order to determine the titration of antibody that should be 
used to label cells, immunohistochemistry was performed on sections of the brains of acutely 
stressed rats (n=4). The brain sections used were chosen mostly from the hypothalamic 
paraventricular nucleus (PVN), the bed nucleus of the stria terminalis (BNST) and lateral septum 
since these areas have previously been shown to display pERK, CaMKII and Fos induction in 
response to stress. On day 1, the tissue was washed in 6x5’ in 1xPBS (.1M (10x) PBS: 80g NaCl, 
2g KCl, 2g KH2PO4, 11.5g Na2HPO4x7H2O dissolved in 1L of Milli-Q H2O, pH=7.4). Then, it 
was incubated in 0.3%Hydrogen Peroxide for 15 minutes at room temperature, shaking on a 
rotating plate, followed by another 6x5’wash in 1xPBS. Next, it was incubated in Avidin 
blocking reagent for 20 minutes at room temperature, shaking, followed by 1x5’ in 1xPBS wash. 
After, the tissue was incubated in Biotin blocking reagent (Avidin/Biotin blocking reagent kit; 
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Vector Laboratories Inc., Burlingame, CA) for 20 minutes in a similar manner to the Avidin, 
followed by 1x5’ in 1xPBS wash. Then, the tissue was pre-incubated in a buffer containing 1% 
bovine serum albumin, 0.5% Triton-X 100, 0.25% Carrageenan-Lambda, all dissolved in .01M 
PBS (immune buffer), for 1 hour at room temperature. As the last step for this first processing 
day, the sections were transferred into the primary antibody that has been appropriately diluted in 
immuno buffer and allowed to react for 48 hours at 4
o
C, shaking. On the last processing day, the 
sections were washed 6x5’ in 1xPBS, followed by a 2 hour incubation in the secondary antibody 
diluted 1:200 in immuno buffer. Then the tissue was washed in 6x5’ in 1xPBS, followed by 2 
hour incubation in an Avidin-Biotin Complex (ABC kit VECTASTAIN Elite Kit, Vector Labs) 
for HRP conjugated complex, in a 1:1000 dilution in immune buffer (allowed to cross-link for at 
least 30 minutes before usage). Sections were then washed in 6x5’ in 1xPBS and then prepared 
for the diaminobenzidine (DAB) reaction to produce a dark brown color reaction product visible 
under light microscopy ( 5.0 mL Milli-Q H2O, 2 drops buffer, 2 drops H2O2, 4 drops DAB). 
Double fluorescent immunohistochemistry: To test for co-expression of Fos/CaMKIIα 
and Fos/pERK, immunohistochemistry was performed. On Day 1, brain sections of the PVN, 
Lateral septum, Bed Nucleus of the Stria Terminalis and Posterior Hypothalamus were selected 
and washed 6x5’ in 1x Phosphate buffered saline, followed by a 1 hr pre-incubation in block 
buffer (5% Normal Donkey Serum, 0.5% TritonX-100 dissolved in 1xPBS) . The sections were 
then washed again 6x5’ in 1xPBS and then incubated in the first primary antibody, diluted in 
immune buffer (2.5% normal donkey serum, 0.5% TritonX-100 dissolved in 1xPBS) for 48 
hours, shaking on a platform at 4
o
C. Rabbit anti Fos (antibody #sc-42; Santa Cruz, CA) was used 
at a 1:6000 dilution for the most optimal results. On Day 2, the sections were removed from the 
antibody and washed 6x5’ in 1xPBS and incubated in the first secondary antibody for 2 hours 
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(1:200 concentration) at 4
o
C, shaking. A donkey anti-rabbit antibody conjugated to AlexaFluor 
549 (Jackson ImmunoResearch Labs Inc., WestGrove, PA) was used to detect Fos. Sections 
were hidden from light with an aluminum foil cover after the first secondary antibody since this 
antibody is fluorescent and therefore, sensitive to light. Immediately following the first 
secondary antibody incubation, sections were washed 6x5’ in 1x PBS, soaked in 4% PFA for 10 
minutes, washed again 6x5’ in 1x PBS, and incubated in the second primary antibody for 48 
hours at 4
o
C. CaMKIIalpha (Calcium2+/Calmodulin dependent protein kinase – ThermoFisher; 
#MA1048) was used at a 1:2000 dilution or an antibody against pERK(Cell Signaling; #9101S) 
was used at 1:4000 dilution for most optimal results. On Day 3, the sections were washed 6x5’ in 
1x PBS and incubated in the second secondary antibody for 2 hours (1:200 dilution), shaking. To 
finish, they were washed again 6x5’ in 1x PBS, floated under weak lighting conditions in a PBS 
/gelatin mounting medium (0.5% gelatin and 0.05% chromium potassium sulfate in Milli-Q 
water) on superfrost plus slides, coverslipped in mounting medium (Vector Laboratories; 
Vectashield Hard Set Mounting Medium with DAPI #H-1500) and stored in the refrigerator at 
4
o
C until microscopic analysis. 
 Fluorescent microscopic analysis: A ZEISS fluorescent microscope was used to conduct 
cell counts with cell imaging by AxioVision, to capture four circular areas around the 3
rd
 
ventricle in the posterior hypothalamus at 20 x magnification (see Figure 4 for delineation of the 
region analyzed). The secondary antibodies used had different fluorescent characteristics 
(AlexaFluor 488 vs. 549 or 594) that were detected specifically with the combination of dichroic 
filters on the Zeiss epifluorescent microscope. 
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Fig 5:  The coronal slice depicting the anatomical region around the anterodorsal posterior 
hypothalamus. The red box depicts where cell counts were made in 4 different fields surrounding 
the dorsal 3
rd
 ventricle. This area (Bregma= -3.12) at this level is the posterior hypothalamus. 
 
3.0        Results 
3.1           Experiment 1: Finding titres for pELK-1, pERK and CaMKIIα while looking at 
expression in the PH 
 The titres, the values representing the antibody dilutions at which the antibody is 
maximally associated with the antigen and can most accurately be detected, were determined by 
IHC. The optimal titres for the antibodies tested are shown in Table 1. 
Fos 1:6000 
p-ELK 1:2000 
pERK 1:4000 
CAM Kinase II alpha 1:2000 
 
Table 1: Shown above are the optimal concentrations of antibodies used for the detection of Fos, 
p-ELK, pERK and CaM Kinase. 
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 IHC was performed on tissue testing for pElk-1 which has been implicated to activate 
the transcription factor CREB, but pElk expression could not be observed robustly or 
consistently. The induction of IEG Fos was minimal in controls and highest at 30 minutes. 
Strong pERK and CaMKII expression was observed at the level of the posterior hypothalamus. 
Further experiments focused on these last two protein kinases.  
3.2           Experiment 2: Activation of pERK, but not CaMKII is time-dependent 
 To determine whether the activation of ERK is time-dependent, we measured pERK 
concentrations in animals that were exposed to 15 minute noise and 30 minute noise as well as a 
control group (n = 2/group). For pERK  cell counts (Table 2), a repeated measures ANOVA was 
run with the number of sections counted  as a within-subjects variable (2) and group as a 
between-subject variable (control, 15 min, 30 min noise). As expected, no differences were 
observed between sections within animals, or an interaction with group. However, there was a 
significant effect of group (F(1,3)=9.72 p<0.05), as displayed in Figure 5. An LSD multiple 
means comparison test on the pERK cell counts across groups revealed that the 15 min noise 
groups was different from both control and 30-min noise groups (p < 0.05), which were not 
different from each other (p > 0.05). There was no effect of any factors on CaM Kinase cell 
counts. Due to problems with tissue availability, the 15 minute time point for CaMKII was not 
investigated.   
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Treatment pERK+/-SEM CaMKII+/-SEM 
Control 34.5+/-1.8 80+/-5.4 
15 min noise 69.25+/-11.6 - 
30 min noise 39.75+/-3.75 67.75+/-6.5 
 
Table 2. Shown above are protein kinase levels as measured by immunohistochemical DAB 
reaction. pERK levels rise at 15 minutes and return back to close to baseline levels at 30 minutes 
of noise exposure. There is no significant difference between control and 30 minute noise group 
CaMKII levels.  
 
 
 
 
    CONTROL           15 MIN NOISE      30 MIN NOISE  
 
Fig. 5.  The pictures depict the area around the 3
rd
 ventricle. pERK levels are at baseline levels 
in control animals, peak at 15 minutes of noise exposure and regress down at 30 minutes.  
 
3.3           Experiment 3: Co-expression of Fos/pERK was significant but Fos/CaM Kinase 
was insignificant 
 An analysis of variance (ANOVA) with group as a between subject factor (control, 30 
minute noise) showed a significant induction of Fos protein in the 30 minute noise group 
(F(1,3)=38.84, p=0.025). pERK and Fos displayed a high level of co-expression, as shown in 
Table 3 and Figure 6 (left panel). However, colocalization of CaMKII into Fos cells was very 
low, as shown in Table 3 and Figure 6 (right panel). 
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treatment Fos+/-SEM pERK/Fos  Fos +/-SEM CaMKII/Fos 
Control 13.25+/-5.8 11.75+/-5.8 5+/-1.8 .42+/-0.08 
30 min noise 143.6+/-45.9 120.67+/-36.3 101+/-7.2 9.58+/-0.92 
 
Table 3. This table shows the means and standard errors of the means for control and 30 minute 
stress groups Fos expression and co-expression of pERK and CaMKII in Fos positive cells.  
 
 
        pERK/Fos             CaMKII/Fos 
 
Fig. 6. Above are shown comparative pictures of pERK/Fos co-expression and CaMKII/Fos co-
expression in the posterior hypothalamus of stressed rats. Magnification for the left panel is 
400X, while magnification in the right panel is 200X. The color red represents Fos while green 
represents pERK or CaMKII. 
 
 
 
 
4.  Discussion 
 The present study explored the localization of pELK-1, pERK and CaMKII in the 
posterior hypothalamus of rats following an acute episode of stress.  
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  Elk has been shown to be activated by ERK during plasticity and to induce 
transcriptional changes downstream via CREB (Tian & Karin, 1999). However, the antibody 
employed to detect pElk-1 in the current study did not consistently detect a protein product. 
Since pElk-1was tested for in tissue perfused traditionally, the inconclusive results may have 
been affected by a dark or partially visible background. Further investigations can look at pElk-1 
expression using the new perfusion method. Because of these technical limitations, no 
conclusions can be made about the localization /activation of Elk-1 by stress in the posterior 
hypothalamus. 
 The discovery of increased phospho-ERK levels in stressed animals suggest that pERK 
could be part of a signaling pathway that mediates the plasticity associated with the habituation 
that occurs with repeated exposures to noise. Since noise was the last sensory stimulation the 
animals experienced before they were sacrificed, and pERK levels were observed to increase in 
the PH, it can be concluded that the noise exposure directly facilitated this change. The next 
steps were to measure the expression of pERK at different time intervals of stress and to look for 
it in cells characterized as active with Fos.  
 We showed that phosho-ERK levels were highest at 15 minutes of noise exposure and 
declined at 30 minutes. The time-dependent activation of ERK is congruent with the theory of 
habituation; ERK signaling takes place shortly after the stimulus (15 minutes) and is turned off 
with prolonged stress (30 minutes). The PH sends projections to the mpPVN, a site where 
releasing hormones are secreted, therefore the intracellular plastic changes of pERK can possibly 
contribute to attenuated HPA axis response in subsequent stress exposures.  
 The third experiment showed much more Fos expression in stressed animals than 
controls, but the ratio of co-expression was very similar between the control and stress 
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conditions. This effect is due to the high expression of pERK in control and stressed animals 
which indicate that the activation of ERK was caused by factors beyond stress. The novel 
environment of the acoustic chambers was likely not a source of stress for the control animals 
because they were allowed one night to adapt before testing day. Similarly, the duration of 
sacrifice was too short (~1 minute) to have activated signal transduction systems. pERK presence 
in control animals could mean that ERK is basally phosphorylated, providing some other 
functions than plasticity. This means that stress-induced phosphorylation of ERK has a very 
rapid onset and termination and that stress-induced extra phosphorylation is only detectable at a 
specific time. 
 A limitation of the study was that due to the extremely high levels of pERK in control 
and stressed subjects, the exact number of cells expressing pERK could not be manually 
quantified. A better procedure to determine if there was a difference in pERK levels between 
control and stressed subjects would be a Western Blot which provides a more accurate 
quantitative analysis of protein expression.   
 pERK was widely expressed in active PH neurons, in agreement with the high 
expression levels we observed with the 15 minute DAB reaction, the pending question now is if 
we would observe a larger ratio of Fos/pERK co-expression at the 15 minute time point. The 
next step should be to conduct a between-subjects study to observe the phosphorylation patterns 
of ERK at additional time intervals from 0 to 45 minutes. Stress exposure should extend to 45 
minutes because pERK levels at 30 minutes were still a little bit higher than in baseline controls. 
Most habituation occurs with the first few stress exposures, therefore phosphorylation of ERK 
would not be expected in the later stages of repeated exposures.  
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 While the highest pERK levels were shown to be at 15 minutes, Fos levels peaked at 
~30 minutes meaning only the Fos mRNA levels would have been detectable at 15 minutes.  In a 
different manipulation of this experiment, to better correlate pERK/Fos co-expression, Fos 
mRNA and not Fos protein should be measured with in situ hybridization, combined with a 
subsequent immunohistochemical analysis for pERK. If results are expected and Fos/pERK co-
expression is highest around 15 minutes and declines by 45 minutes, it could be directly inferred 
that the transcriptional changes that lead to altered gene expression reducing the neuroendocrine 
and autonomic responses to stress may be mediated in part by ERK. 
 In order to further understand the relationship between pERK and HPA axis 
habituation, I would conduct a within subjects study observing pERK and Fos expression in the 
posterior hypothalamus. Rodents would be exposed to 15 minutes of noise for several 
consecutive days. A subset of the sample size would be sacrificed and used for research each day 
after the stress exposure. The subjects should be stressed on consecutive days because HPA axis 
corticosterone habituation only takes place after the second stress exposure, meaning some 
learning and memory formation has to occur. HPA axis hormones such as ACTH and 
corticosterone would be measured following every stress exposure. In situ hybridization would 
be used to measure Fos protein and immunohistochemistry would be used to measure pERK. Fos 
and pERK levels would be expected to decrease between sessions, as well as HPA axis 
hormones. This study would help correlate pERK habituation and its possible role in regulating 
the steady decrease of the HPA axis response following repeated exposures to stress.  
 In the first experiement, CaM Kinase was shown to be present in the PH in control and 
stressed animals with DAB IHC. This is expected as this kinase is constitutively expressed in 
cells and also we were not looking for the activated/phosphorylated state of CaMKII.  
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 Protein levels in the second experiment showed no significant differences between 
control and stressed animals. A limitation of this experiment was that due to problems with 
blocking and sectioning, we did not have enough tissue from the 15-minute stress group to use 
with CaMKII, but the level of expression would not be expected to change because we were not 
looking for the phosphorylated form of the enzyme.  
 Double fluorescent immuno studies showed significant but very low or nonexistent co-
expression with Fos in control animals vs. stressed animals, which does not support our 
hypothesis that cells that are active during stress contain the CaMK signal transduction pathway 
at the level of the PH. Low expression of CaMK may be attributed to the type of secondary 
antibody used in DAB IHC vs fluorescent IHC. The DAB reaction showed much better 
expression of CaMKII as opposed to the double fluorescent immuno, suggesting that perhaps the 
fluorescent antibody was not as sensitive against this protein as the antibody used in the DAB 
reaction, or the effectiveness of the DAB accumulation via the enzymatic amplification of the 
peroxidase reaction. 
 So far the molecular processes explaining plastic changes occurring in response to 
acute stress remain largely unresolved. Whether this process is LTD or LTP mainly depends on 
the types of cells, excitatory or inhibitory, that become activated in response to stress, but this 
level of detail has not been clarified conclusively yet. The limitations of this study provide basis 
and direction for future investigations and these findings fuel my inquiries to probe further to 
find a direct relationship between pERK and CaM Kinase in regards to stress habituation. It is 
difficult to study intermediate signaling molecules due to their pleitropic nature and only further 
experimentation can shed light on unexplained intricacies. In order to gauge the role of ERK in 
habituation and LTP/LTD, it would be interesting to look at whether ERK inhibition would 
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attenuate stress-elicited habituation. Detection of phospho-CREB would help to further delineate 
the pathway associated with stress adaptation from ligand binding to nuclear activity. 
Measurement of NMDA/AMPA receptor levels before and after repeated stress exposure could 
provide further evidence weather this process is LTP or LTD related. The measurement of the 
neurotransmitters signaling from the posterior hypothalamus to the PVN and raphe pallidus by 
microdialysis could provide insight into the neurotransmitter systems involved and further 
support either LTP or LTD-like mechanisms at play.  
 It is important to study the neural mechanisms involved in habituation to stress because 
the well-known negative feedback mechanisms of the HPA axis do not completely account for 
habituation. It has been shown in adrenalectomized rats that habituation to a startle response still 
occurs despite the lack of glucocorticoids that are responsible for the negative feedback loop. 
(Davis & Zolovick, 1974).  
 Habituation to different forms of stressful stimuli is an evolutionarily beneficial 
mechanism. Hans Selye’s General Adaptation Syndrome proposes in the Exhaustion Stage that 
excessive activation of the HPA axis and the autonomic nervous system can be detrimental to an 
organism. This is supported by numerous conditions like anxiety disorder, post-traumatic stress 
disorder and depression, which can be caused by an overactive HPA axis. An overactive HPA 
axis can bring about a feeling of helplessness when stress does come. In the grander scheme of 
things, repeated exposure to stress is the catalyst for a plethora of psychiatric diseases, therefore 
understanding the neural mechanism underlying stress adaptation may help understand the 
etiology of these diseases as well as developing novel medicinal strategies to bridge the bench to 
bedside gap. 
 
26 
 
5.  References 
Barco, A., Jancic, D., & Kandel, E. (2008). Creb-dependent transcription and synaptic 
plasticity.Transcriptional Regulation by Neuronal Activity, 127-154. Retrieved from 
http://download.springer.com/static/pdf/500/chp%3A10.1007%2F978-0-387-73609-
9_7.pdf?auth66=1363119278_e9a9cbd61d0a103de5c0f7f7ddaf9e0f&ext=.pdf 
Campeau, S, & Watson, S.J.Jr. (2000). Connections of some auditory-responsive posteior 
thalamic nuclei putatively involved in activation of the hypothalamo-pituitary-
adrenocortical axis in respons to audiogenic stress: An anterograde and retrograde tract 
tracing study combined with Fos expression. Journal of Comparative Neurology, 423: 
474-491. 
Cruzalegui, F., Cano, E., & Treisman, R. (1999). Erk activation induces phosphorylation of elk-1 
at multiple s/t-p motifs to high stoichiometry.Oncogene, 18(56), 7948-7957. 
Davis, M., & Zolovick, A. (1974). Habituation of the startle response in adrenalectomized 
rats. Physiology & Behavior, 8(4), 579-584. 
Erondu, N., & Kennedy, M. (1985). Regional distribution of type ii ca2 /calmodulin-dependent 
protein kinase in rat brain. The Journal of Neuroscience, 5(12), 3270-3277. 
Esdin, J., Pearce, K., & Glanzman, D. (2010). Long-term habituation of the gill-withdrawal 
reflex in aplysia requires gene transcription, calcineurin and l-type voltage-gated calcium 
channels. Frontiers in Behavioral Neuroscience, 4(181), doi: 10.3389/fnbeh.2010.00181 
Giovannini, M. (2006). The role of the extracellular signal-regulated kinase pathway in memory 
encoding.Reviews in the Neurosciences, 17(6), 619-634. 
Grissom, N., & Bhatnagar, S. (2008). Habituation to repeated stress: Get used to it. Neurobiol. 
Learn. Mem, 92(2), 215-224.  
Hu, B., Liu, C., Bramlett, H., Sick, T., Alonso, O., Chen, S., & Dietrich, D. (2004). Changes in 
trkb-erk1/2-creb/elk-1 pathways in hippocampal mossy fiber organization after traumatic 
brain injury. Journal of Cerebral Blood Flow & Metabolism, 24, 934-943. doi: 
10.1097/01.WCB.0000125888.56462.A1 
Jankord, R., & Herman, J. (2008). Limbic regulation of hypothalamo-pituitary-adrenocortical 
function during acute and chronic stress. Stress, Neurotransmitters, and Hormones, 1148, 
64-73. doi: 10.1196/annals.1410.012 
27 
 
Kennedy, M. B., Beale, H. C., Carlisle, H. J., & Washburn, L. R. (2005). Integration of 
biochemical signalling in spines. Nat. Rev. Neurosci, 6(6), 423-434. 
Khan, A., & Watts, A. (2004). Intravenous 2-deoxy-d-glucose injection rapidly elevates levels of 
the phosphorylated forms of p44/42 mitogen-activated protein kinases (extracellularly 
regulated kinases 1/2) in rat hypothalamic parvicellular paraventricular 
neurons. Neuroendocrinology, 145(1), 351-359. Retrieved from 
http://endo.endojournals.org/content/145/1/351.full 
Kovacs, K. (1998). c-fos as a transcription factor: a stressful (re)view from a functional 
map. Neurochemistry International, 33, 287-297. 
Lee HK. AMPA Receptor Phosphorylation in Synaptic Plasticity: Insights from Knockin Mice. 
In: Kittler JT, Moss SJ, editors. The Dynamic Synapse: Molecular Methods in Ionotropic 
Receptor Biology. Boca Raton (FL): CRC Press; 2006. Chapter 14. Available from: 
http://www.ncbi.nlm.nih.gov/books/NBK2549/ 
Malenka, R. C., & Bear, M. F. (2004). LTP and LTD: an embarrassment of riches. Neuron, 
44(1), 5-21. 
Marie H., Morishita W., Yu X., Calakos N., Malenka R.C. Generation of silent synapses by 
acute in vivo expression of CaMKIV and CREB (2005)  Neuron,  45  (5) , pp. 741-752. 
Masini, C., Babb, J., Nyhuis, T., Day, H., & Campeau, S. (2012). Auditory cortex lesions do not 
disrupt habituation of hpa axis responses to repeated noise stress. Brain Research, 1443, 
18-26. 
Masini, C., Day, H., & Campeau, S. (2009). Reversible inactivation of the auditory thalamus 
disrupts hpa axis habituation to repeated loud noise stress exposures. 1276, 123-130. doi: 
10.1016/j.brainres.2009.04.023 
Michael, D., Martin, K., Seger, R., Ning, M., Baston, R., & Kandel, E. (1998). Repeated pulses 
of serotonin required for long-term facilitation activate mitogen-activated protein kinase 
in sensory neurons of aplysia. Neurobiology, 95, 1864–1869. 
Nestler, E., Hyman, S., & Malenka, R. (2009). Molecular neuropharmacology: A foundation for 
clinical neuroscience. (2nd ed. ed.). China: McGraw-Hill Companies, Inc. 
Nyhuis, T., Day, H., Campeau, S. Neurons in the posterior hypothalamus express Fos in response 
to audiogenic stress and project to both the raphe pallidus and paraventricular 
28 
 
hypothalamic nucleus. Program No. 928.05. 2011 Neuroscience Meeting Planner. 
Washington, DC: Society for Neuroscience, 2011. Online.  
Nyhuis, T., Day, H., Campeau, S. Reversible inactivation of a subregion of the posterior 
hypothalamus disrupts HPA axis habituation to repeated audiogenic stress exposures in 
rats. Program No. 191.01. Neuroscience Meeting Planner. Louisiana: Society for 
Neuroscience, 2012. Online.  
Popoli, M., Gennarelli, M., & Racagni, G. (2002). Modulation of synaptic plasticity by stress and 
antidepressants. Bipolar Disorders, 4(3), 166-182. doi: 10.1034/j.1399-
5618.2002.01159.x 
Soderling, T. (1999). The ca21 –calmodulin-dependent protein kinase cascade. Trends in 
Biochemical Sciences, 24(6), 232-236. doi: 10.1016/S0968-0004(99)01383-3 
Sweatt, D. (2004). Mitogen-activated protein kinases in synaptic plasticity and memory. Current 
Opinion in Neurobiology, 14, 311-317. doi: 10.1016/j.conb.2004.04.001 
Thiels, E., & Klann, E. (2001). Extracellular signal-regulated kinase, synaptic plasticity, and 
memory. Reviews in the Neurosciences, 12(4), 327-345. 
Thiels, E., Kanterewicz, B. I., Norman, E. D., Trzaskos, J. M., & Klann, E. (2002). Long-term 
depression in the adult hippocampus in vivo involves activation of extracellular signal-
regulated kinase and phosphorylation of Elk-1. J. Neurosci, 22(6), 2054-2062. 
Tian, J., & Karin, M. (1999). Stimulation of elk1 transcriptional activity by mitogen-activated 
protein kinases is negatively regulated by protein phosphatase 2b (calcineurin). The 
Journal of Biological Chemistry, 274, 15173-15180. doi: 10.1074/jbc.274.21.15173 
 
